Summary
Introduction
only under combinations of stresses. This transcriptional pattern was enriched with antagonistic 19 responses, which suggested an alteration in the mode of action under combined stresses (Shaar- 20 Moshe et al., 2017). Here we used system biology approach to test two hypotheses: that plant 21 energy balance was differentially impaired in each combination of stresses, and that plants elicited 22 a unique acclimation strategy, with distinct trade-offs in life-history traits of growth, reproduction 23 and defense, under each combination. The aims of the current study were to i) quantify the effects 24 of combined stresses on plant fitness and its associated performance traits, ii) characterize the 25 effects of combined stress on the photosynthesis apparatus and energy metabolism, and iii) identify 26 trade-offs between functional and performance traits within the combined stresses. Our results
27
provide a mechanistic understanding of plant acclimations to combinations of stresses and shed 28 light on the unique strategies plant employed under different environmental constrains.
30
The paper was covered with additional sheet of moist germination paper and then rolled tightly to 13 a final diameter of ~4 cm. The base of the rolls was dipped in a tray of tap water and stored in 14 darkness for 48h at 4°C, followed by 6d at 15°C for establishment of germination. The number of 15 grains with the primary seminal root was recorded to determine grain viability.
17
Functional traits 18 Measurements of chlorophyll fluorescence and content were conducted in a complete random 1 PSRI=(W680-W500)/W750) (Merzlyak et al., 1999) . The level of total reactive oxygen species (ROS) 2 was determined with 2′,7′-dichlorofluorescin diacetate (H2DCFDA; Sigma) fluorescence dye as 3 described in (Jang et al., 2012) ,with minor modifications. At 4 DAA, leaf discs (0.5 mm diameter), 4 were samples from the mid portion of the third leaf, and placed in 96 well plates containing 10 5 mM Tris-HCl pH 7.5. Each leaf was sampled twice and the matching samples were allocated to 6 two identical sets, each containing three technical repeats (i.e. three leaves per plant) from each 7 treatment (n=4). Subsequently, leaf discs from one set were transferred to a new 96 well plate 8 containing 50 µM H2DCFDA, in 10 mM Tris-HCl pH 7.5, for 60 min. The other set served as chlorophyll content showed no association (r = -0.6, P = 0.32). weight, (f) number of grains per plant, and (g) 100-grain weight. * and *** indicate significant differences 9 between control and stress treatments at P≤0.05 and 0.001, respectively, as determined by Dunnet's test.
10
Values are mean (n=4)±SE.
12
To assess the effects of the stress combinations on plant fitness and its performance traits, (Fig. 1c) . Consistently, the 4 proportion of reproductive output per shoot DW, which was used as a surrogate for reproductive 5 allocation, was similar between S&H and control conditions. The other stress combinations, and 6 especially S&D&H, displayed significant reductions compared with control ( Fig. 1d) . To further 7 investigate the differences of the reproductive output among the combined stresses, we examined Table S1 ). Physiological responses and acclimations are the consequences 24 of orchestrated transcriptional changes. Therefore, we examined the association between the 25 physiological trait and its underlying transcriptional pattern of specific functional gene-subsets. 26 This analysis revealed that the physiological changes in PSII efficiency were correlated with 27 expression patterns of genes involved in light harvesting complex (LHC) and polypeptide subunits 28 of PSII ( Fig. 2a, b ; Table S2 ). associated genes (SAGs) and PSRI. ** and *** indicate significant differences between control and stress 11 treatments at P<0.01 and 0.001, respectively, as determined by Dunnet's test. Values are mean (n=4)±SE.
Growth conditions are as follows: salinity and heat (S&H), drought and heat (D&H), salinity and drought 13 (S&D), salinity, drought and heat (S&D&H). 14 D&H and S&D&H, plants exhibited low values of CRI1, whereas under S&H and S&D, CRI1 values 6 were comparable to control (Fig. 2c) . Carotenoid content exhibited a high and positive association 7 with expression pattern of genes involved in carotenoid metabolism under the combined stresses 8 ( Fig. 2d ; Table S2 ). with control, indicating stress induced-senescence (Fig. 2e) . This pattern was also reflected at the 13 transcriptional level by a strong association between PSRI and senescence associated genes (SAG).
14 In addition, a high correlation (r = 0.97, P = 0.03) was detected between PSRI and genes involved 15 in chloroplast nucleoid metabolism and maintenance (Table S2) (Table S2) . 22 24 Reactive oxygen species (ROS), which are regulators of various processes, including stress Our result showed that under all stress combinations plant accumulated between 46 to 84%, less 27 ROS, compared with control (Fig. 3a) . ROS are also toxic byproducts of aerobic metabolism (e.g. of genes involved in oxidative stress and redox metabolism, either all annotated DEGs (Fig. 3c) were not detected in the metabolic analysis (Table S3 ). To validate the transcriptional correlations,
23

ROS levels diminished under combinations of stresses
5
we assessed the transcriptional signatures, related to ROS origin and type by ROSMETER tool 6 (Rosenwasser et al., 2013) . This analysis also provided limited correlation with specific ROS (Fig.   7 S2c). (ranging between 65% to 97%; Fig. 4, Fig. S3a ). This pattern of starch attenuation, correlated with 27 expression pattern of starch synthesis and degradation DEGs (Table S2, glucose and fructose), transport (sucrose and raffinose), osmoprotectants (e.g. galactinol and myo-12 inositol), cell wall polysaccharides (e.g. galactose and mannose) and glycerolipid metabolism (e.g. (Fig. S4) .
15
We further focused our analysis on metabolites involved in cellular respiration. Sucrose (Fig. 4, Table S3 ). The hexoses are 19 further converted to glucose-6-P that accumulated under S&H (FC = 2.2) and fructose-6-P, which 20 depleted under S&D&H (FC = -4.6). The end products of glycolysis include the organic acid 21 pyruvate that accumulated to comparable levels under all stress combinations and malate, which Consistently, high levels of GABA were detected in leaves of plants subjected to these two stresses 27 (Fig. 4, Table S4 ). (Fig. 5b) . The lack of correlation between OA and fructose, 9 galactitol and trehalose may result from additional functions these metabolites hold, such as under S&H, and reaching up to 129 cumulative FC, under S&D&H (Table S3) . Although S&H and
13
D&H had comparable levels of OA (Fig. 5a) senescence that was manifested by a significant reduction in chlorophyll content, starting as early 21 as 4 DAA (Fig. 1b) , a reduction in photosynthesis rate (Shaar-Moshe et al., 2017), accumulation
22
of galactosylglycerol, consistent with breakdown of thylakoid membranes, which contain up to 23 80% galactosylglycerolipids (Holzl & Dormann, 2007) , and accumulation of transport sugars (e.g.
24
sucrose and galactitol) (Fig. 4, Table S3 , Fig. S4 ). Leaf senescence, which is characterized by the between leaf aging and chloroplast stability. Despite a reduction in photosynthesis, the hexoses,
30
glucose and fructose accumulated under D&H (Fig. 4, Table S3 ). This may occur through starch degradation or through a decrease in amino acid synthesis, which leads to a higher carbon 1 availability (Jongebloed et al., 2004) . Indeed, under D&H, starch level depleted, compared with 2 control conditions, and the amino acids tryptophan and GABA, only mildly accumulated, 3 compared with plants grown under the other combined stresses (Table S3 ). In addition, considering shortened grain-filling period, which consequently diminished grain yield. 
19
Under S&H plants accumulated 29% less shoot DW, similarly to D&H, yet the reproductive 20 allocation was comparable to control conditions, indicating that the plants maintained source-sink 21 relationships and successfully partitioned photosynthetic assimilates to the reproductive tissues
22
( Fig. 1c, d ).
23
Plants grown under S&H also maintained leaf water content at a level comparable to control 24 conditions, possibly through an increase in OA (Fig. 5a) Plant energy balance was severely damaged under combinations of S&D and S&D&H
13
Soil salinity is a growing concern in arid and semi-arid regions, both in cultivated land and natural were not able to retain a high RWC as control plants (Fig. 5b) , and photosynthesis and transpiration respectively (Fig. 1c-g ). Similar effects of reduction in plant growth and productivity, were and combinations of stresses.
5
Fig S2
Association between leaf ROS content and physiological traits or gene expression 6 pattern.
7
Fig S3
Association between leaf starch content and physiological traits or gene expression 8 pattern.
9
Fig S4
Galactose metabolic pathway under combinations of stresses.
10
Fig S5
Potassium / Sodium ratio and chloride concentration in leaves under control and 11 combinations of stresses.
12
Fig S6
Climatic conditions in the geographical origin of Brachypodium distachyon 13 accession Bd21-3.
14 Table S1 Statistical analysis of physiological traits at three developmental stages.
15 Table S2 List of differentially expressed genes (DEGs) that were used for correlation analyses.
16 Table S3 List of fold change (FC) and false discovery rate (FDR) values of putative metabolites,
17
identified by GC-MS analysis.
